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Results are reviewed for a study on the application of band model
representations of gaseous radiation to the prediction of heat transfer from
rocket exhaust plumes. The study included development of a radiation com-
puter program, evaluation of the effect of scale on gaseous radiations, and
a radiometer measurement of a Rocketdyne J-2 engine under simulated altitude
conditions.
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LIST OF SYMBOLS
Symbols Definition Dimensions
A Area cm2
r
ac Fine structure parameter for collision broadening
aD Fine structure parameters for Doppler broadening
be Collision broadened line half width cm 1
b Doppler broadened line half width cm-1
d Line spacing cm-1
g -
g ` D Optical depth (- -ln T)
D* Optical depth in the linear limit
Dc Optical depth for collision broadening only
' DD Optical depth for Doppler broadening only
k Linear absorption coefficient cm-1
k(STP) Linear absorption coefficient At standard cm-1 atm 1
temperature and pressure
L Upper limit of path length cm
NW Blackbody radiance watts/cm-ster
p Pressure atm
q Heat transfer rate watts
R Radial coordinate in gas property data cm
S Dimension aloe- line of sight cm
T Temperature OK
U Coordinate defined in Figure 1 cm
V Coordinate defined in Figure 1 cm
W Coordinate defined in Figure 1 cm
X Coordinate defined in Figure 1 cm
Y Coordinate defined in Figure 1 cm
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	 LIST OF SYMBOLS (Continued)
Symbols
	
Nomenclature	 Dimensions
^s	
Z	 Coordinate defined in Figure 1	 cm
D	 Integration interval prefix
n	 Angular coordinate in three-dimensional 	 degrees
property data
^.i
8	 Spherical elevation angle in Figure 1	 degrees
T	 Transmissivity
0	 Spherical azimuth angle in Figure 1	 degrees
W	 Wavenumber	 cm-1
t1	 Angle of inclination of the surface normal 	 degrees
shown by Figure lb
F
1
f
1
Subscripts
f	 Final value
i	 Initial value or species
o	 Full scale condition
p	 Coordinate of the point to which radiant heat
transfer is being calculated
STP	 Standard temperature and pressure
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1 INTRODUCTION
Radiation from rocket exhaust plumes produces significar..t heating
loads on the base region of rocket vehicles and surrounding launch structures.
As a result of the concern over the accurate prediction of this radiation,
Marshall Space Flight Center has sponsored the development of advanced methods
of evaluating radish transfer from inhomogeneous gases. The methods developed
used small spectral intervals (25 cm -1 ) and were proven to be quite accurate
under laboratory conditions, but several problems remained.
The quantity of data required to describe a complex inhomogeneous gas,
such as a three-dimensional rocket exhaust plume,plus the spectral data for the
radiation calculation proved to be a storage problem for the computers which
were available,and computation time was rather ling. In addition, there was the
problem of accurately predicting the gas properties of a rocket plume. The methods
used for predicting rocket exhaust plumes could not accurately account for effects
which occured in rocket nozzles such as non-uniform injection of propellants,
infection of turbo pump exhaust into the nozzle boundary layer, and the occur-
ance of carbon particles when kerosene was the fuel.
The work under this contract was directed primarly at developing an
advanced radiation computer program which was more flexible in operation than
previous programs and evaluating methods of reducing the required computation time.
A study was also made to evaluate the possibility of scaling gaseous radiation to
assist in evaluating cases in which it is difficult to analytically estimate the
gas properties. In addition to this analytical work, a radiometer measurement
was wade on a J-2 engine operating under simulated altitude conditions to compare
with the radiation prediction methods.
1
3
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This report describes the radiation computer program, scaling study,
and radiation measurement, and includes recommendations for further work in
improving heat transfer estimates from rocket exhaust plumes.
Acknowledgement is made to Linda White and other personnel of Computer
Sciences Corp. at the MSFC Computation Laboratory who assisted in programming
and documentation of the radiation computer program.
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2 RADIATION COMPUTER PROGRAM
A radiation computer program was developed during this studv to predict
the heat transfer from rocket exhaust plumes. The program uses a random (or
statistical) band model representation for water vapor, carbon dioxide and carbon
monoxide and also includes an absorption only (no scattering) representation for
small carbon particles. The program is an improvement of those described in
references 1 and 2 with increased capabilities and operating flexibility.
The program is available by request through the Thermal Environment
Branch of the Aero-Astrodynamics Laboratory (S&E-AERO-AT) at the Marshall Space
Flight Center. The documentation furnished with the program gives detailed
instructions for operation, so the description here will be of a general nature,
pointing out the characteristics of the program and describing the results of
some methods used to reduce the program running time. First, the general program
arrangement and operating procedure will be presented to indicate the overall
scope and capability of the program, then separate discussions will be presented
of the program geometry for gas property interpolation and the radiation calcu-
lation procedures. Finally, the results of increasing integration step sire to
reduce computation time will be reviewed.
2.1 Program Arrangement
The program arrangement was chosen to provide integration of the radiation
heat transfer equation with increased flexibility and reduced computer storage
limitations in comparison with earlier programs.
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The heat transfer equation which is Integrated by the program is
0 f
 Itf L w
r,	 f o
q/A =	 -N(W dT/ds) ds dw d^ cos0 sin6 d6
	
(2.1)
9 i ^i 0 wi
with the. Geometry shown in Figure 1. The program performs the integration numeri-
cally using input values of integration limits, integration step size, and gas
properties. First, a tape is prepared with the gas properties along each line
of sight, then the properties are mead back and the radiation along each line of
sight is calculated and summed to give the irradiance.
The two groups of data which require a large amount of computer memory
are the gas properties and the absorption coefficients. These groups are
separated by having two groups of overlay subroutines for handling the flow field
(gas property) interpolation and the radiation calculation. The arrangement of
these subroutine groupings with the origin for the overlays is shown schematically
in Figure 2.
The interpolation (FLOW) subroutines can perform various modifications
on the flow field in addition to performing the gas property interpolation. Gas
properties may be input from cards or tape. The input properties may be trans-
ferred to another tape if desired after being modified by scaling or adding carbon.
The tape format used for the axisymmetric flow field input is compatible with the
tapes prepared by the JUr GLE subroutine of the method of characteristics program
described in reference 3. The format for the three-dimensional flow field is
similar, but no program is currently available to generate a three-dimensional
flow field, so these must be assembled manually.
4-
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The flow field properties may be input in either metric or English
units, but the program will convert the English units a:,d perform all calcu-
lations in the metric system and then reconvert to English uIdLe for output.
If a change in units or other properties are desired, scale factors are pro-
vided to multiply the input values. An additicaal option for adding carboy:
to the flow field is provided since the Ras property tapes prepared by the
method of characteristics program (reference 3) -do not contain the correct
carbon concentration for kerosene/oxygen propellants. This is caused by the
inability of the theoretical equilibrium chemistry used by the program to
predict the production of carbon in greater than equilibrium quantities. The
radiation calculation, or RAD group of subrout.inies provide for modification
and output of absorption coefficient: a.-id line density data, prediction of
radiation using Model 3A or Model 3 (to be described later), end printed and
plotted output of spectral data. The coefficient data may be modified by scaling
or read 4.ng new input data to replace the values stored in the block data state-
ments. The scaling factors are not normally required and were provided primarily
to evaluate the sensitivity of the predicted radiation to variations in the
coefficient data. The ability to modify the absorption coefficients is also not
normally used, but it is sometimes required. Fo exams-e, to provide a finer
spectral definition of carbon dioxide, absorption c.oefficie%ta at smaller spectral
intervals may be loaded, or if the Model. 3 radiation calculation is used, the
carbon dioxide line density data must be modified.
t The spectral output provides the spectral irradiance in a variety of
units, and if a detailed study of the characteristics of a single line of sight
is desired, the transmissivity, optical depth, and optical parameters pf each gas
can be provided. Plotted output of the same parameters are available as a func-
tion of either wavelength or aavenumber.
2-4
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2.2 Gas Property Interpolation
Tabulated gas property data are input to the program in a cylindrical
coordinate system. In the case of an axisymmEtric property variation, the posi-
tion variables are simply axial position (Z) and radius (R). The three-dimensional
property specification is not so straightforward since variations to be described
later are used to take advantage of symmetry in the flow field for reducing the
quantity of input data. But, even with these variations, the property data for
three-dimensional flow fields uses at a basically cylindrical system with property
data input as a function of axial position (Z), angle (n), and radius (R).
During the interpolation procedure, the basic coordinate system used is
a Cartesian system, XYZ, with the Z-axis identical with the central axis of the
gas property data. The UVW coordinate system, in which the heat transfer equation
is integrated, can be located relative to the XYZ system by either of two methods.
In both cases, the origin of the UVW system, the point to which the heat transfer
is being calculated, is located by its coordinates (X p , Yp , Z  ). For the more
general case, the orientation of the UVW axes is specified by nine direction
cosines defining the relative angle of each of the U, V, and W axes with respect
to the X, Y, and Z axes. Since in many cases, the surface of interest is normal
to a plane containing the Z axis, a simplified procedure was adopted for this
case. This procedure, illustrated in Figure lb, requires only the inclination
angle, 9, of the surface normal relative to a vector parallel to the Z axis (Z),
but this method must be restricted to cases in which the Z-axis is in the U-W
3
The axisymmetric gas properties are specified at arbitrary values of Z,
li	 and at each of these Z-cuts the radius, temperature, pressure, and species mole
U
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fractions are specified at arbitrary spacing from the Z-axis (R = 0) to the outer
boundary of the gas. There is no limit to the number of Z-cuts which can be used
since the program will load the property data up to its capacity, generate the
initial data along the lines of sight, then read in successive sections of the
property data and add to the lines of sight until the problem limits have been
reached.
i
As stated earlier, the system for specifying the property data for
i= three-dimensional property variations does not necessarily use a cylindrical
system about the Z-axis.
	
Two additional parameters are provided, CTCD and HANG,
to allow simplier definition of the property values in the case of rocket engine
clusters.	 The range of n over which radial property data are required for various
values of the engine center to center distance (CTCD) and symmetrical sector half
angle (HANG) are illustrated in Figure 3.
	
The options used for clustered engines
greatly reduce the handling aad storage problem for the property data.
It should be noted that the arrangement illustrated in Figure 3 in which
.
the symmetry is assumed between the center and outboard engines about a plane at
CTCD/2 is not technically correct. 	 Although the gas properties about the imping-
es ment plane between the engines are initially symmetrical, variations will exist
' downstream due to different conditions which will develop as the shocks from the
impingement zones move toward the engine centerline.	 In spite of this, the con-
figuration shoirn by Figure 3c is compatible with the present approximate methods
of estimAting exhaust plume characteristics for clusters of rocket engines and
3.
}
will be useful until more exact methods are available.
The method of interpolating in the gas property data to get the property
data along each line of sight is basically a linear method, but it differs slightly
r}
I
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from the procedure used in previous programs. The interpolation between Z-cuts
is carried out along a line at a constant percentage of the radius rather
than parallel to the Z-axis. This new method gives a more realistic estimate of
rocket exhaust plume properties particularly in regions near the plume boundary.
Another feature which has been added to this program to provide more
accurate interpolation is the shock option. When this option is used, data on
the location of shocks in the gas are specified so the interpolation procedure
will only take data from the proper side of the shock. This allows a sharp
discontinuity when the shock is reached by a line of sight rather than having a
more gradual change in temperature caused by interpolating between a high tem-
perature at one Z-cut and a low temperature at the other.
Provision for blockage of lines of si ght by solid objects is simulated
in the same manner as in the programs of references 1 and 2. This consists of up
to 50 circles which can be located anywhere in the X, Y, Z coordinate system,
but the plane of the circle must be parallel to the X-Y plane. Each circle is
located by its center coordinates and radius, and the type of blockage is defined
as either a "disk" or a "hole". The "disk" blocks any line of sight which passes
within its radius while the "hole" blocks lines of sight which pass in its plane
outside of its radius.
Additional features of the program-geometry include options for varying
the integration interval for the line of sight distance, s, an3 the azimuth angle,
0, to reduce the problem integration time. These features will be described along
with a spectral integration interval study in Section 2.4.
i
it
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2.3 Radiation Analysis
The general method of analysis, referred to here as the band-model
prediction method, uses absorption coefficients corresponding to the thin-gas
values. These absorption coefficients are used with a random (or statistical)
band-model representation of the curve of growth. The effective fine struc-
ture parameters for both Doppler and collision broadening are evaluated
r
using a modified Curtis-Godson approximation. In this section, the equations
used will be presented with a brief summary of the sources of the data which
^I
a*
	
	 are used for water vapor, carbon dioxide, carbon monoxide, and carbon particles.
In addition, the table system used for storing the data in the program will be
outlined.
The radiant flux is calculated using equation 2.1 in a spherical
coordinate system centered at the point of interest (Figure 1). In this system,
the inclination of a line of sight, s, to the surface normal, W, is the angle,
6, while the angle between the projection of s in the U-V plane and the U axis
is 0. When equation 2.1 is put in numerical form, it becomes
o f
 ^f W  L
q/A = T ^. ^ -NWIT(s,w) -T(s -As,w)1	 (2.2)
ei ^i W  0
cos a sin e ee Ae Aw.
This is evaluated using the average transmission over a spectral interval Aw.
T(s,w) = exp I -D (s,w), 	 (2.3)
	 3
where the optical depth,D (s,w),is summed over the i radiating species
,3
%IM
-.r--- 	 --'^^
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D (s,v) - ED (s,w, 1).	 (2.4)i
The details of the evaluation of the optical depth vary depending upon
#	 the radiating species considered, and will be described below. In the following
description, the functional notation for position, s, wavenumber , w, and species,
i, will be omitted except where required for clarity.
The carbon particles in the rocket exhaust are treated as a gas since
they have been shown to be so small that scattering can be neglected without
appreciable error for a total radiation calculation (references 4 and 5). With
this assumption, the optical depth for carbon particles is simply
s
D = f k (T) pds',	 (2.5)
r	 o
where k (T) is the linear absorption coefficient per unit density and path length,
brud p is the local carbon density.
The absorption coefficients for carbon particles were determined by a
combined analytical and experimental technique described in reference 4. This
determination provided data over the ranges of 1 to 4y in wavelength and 3000K
to 26000K in temperature. Since an appreciable amount of heat transfer could
occur outside of the 1 to 4u spectral range, the data was extended as described
in reference 6. The extension used a combination of the analytical data of
reference 3 for short wavelengths ( < lu) and lower temperatures ( < 16000K) and an
extrapolation for the larger wavelengths ( >4u) and higher temperatures ( > 16000K).
With this extension, carbon absorption coefficients are available in the program
over a range of wavenumbers from 103 cm-1 to 2 x 104 CM-1. Since the carbon
absorption coefficients are continuous over the spectrum they are represented for
t
i
i
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computational purposes by fourth order pulynomials in wavenumber for seven different
temperatures. In the computer program, the coefficient for any particular spectral
interval is then taken to be the coefficient at the center of the wavenumber
interval.
The optical depth for each of the gaseous constituents is a function
of the analytical model chosen. In the development of the analysis of the gaseous
radiators (7) through (10), two analytical models were recommended. The theoret-
ically more exact method, Model 3, uses a number of line groups for each species
to account for "hot lines" from high temperature regions which are not signifi.-
cantly attenuated when passing through lower temperature regions. From this
model, a simplified model was developed in which all the lines for each species
are grouped together. This is termed Model 3A. A comparison of the equations
used in determining the optical depth for Model 3 and Model 3A is presented in
Table 2.1. Although Model 3 is shown as an infinite sum of line groups, four
or five groups should be sufficient in most applications, and a total of ten
line groups is all that is allowed in the program. In actual practice, Model 3
will seldom be used for heat transfer calculations. The primary reason for pro-
viding this model in the program is to allow an evaluation of Model 3A by com-
paring the two methods over small regions. In the cases which have been checked
for rocket exhaust plumes, Model 3 generally predicts slightly less radiation
than Model 3A, and there is no evidence that Model 3 is actually more accurate
even though it is theoretically more exact.
The effect of inhomogeneous gas properties on the fine structilre para-
meters (aC and aD) is accounted for by the use of a modified Curtis-Godson approxi-
mation. In this application, the approximation is modified in the sense that it
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is applied to a spectral interval rather than a single spectral line. Experi-
mental evidence of the validity of this modification of the Curtis-Godson
approximation has been presented in referen,:es 9, 10, and 11.
The band model parameters used in the program were obtained both
experimentally and theoretically. Collision-broadened line half-widths, bC,
were obtained from approximate analytical expressions (equation 2.16) with
`	 coefficients based on experimental or theoretical data in most cases
(reference 8), but where no data were available, estimates were made. The
evaluation of the Doppler-broadened line half-width, bD , was more straight
forward, and resulted in a theoretical expression as a function of waven=ber,
molecular weight, and temperature (equation 2.17). Values of k (STP) and 1/d
used in the program for H 2O were calculated from experimental data as described
in reference 10, and the additional values of f n and gn used in Model 3 were
assumed to be 1 (reference 8).	 Further theoretical studies	 (9) have indicated
that both gn and fn tend to increase with no but no revised expressions have
been recommended. The values of k (STP), 1/d, f no and g 
n
used in the program for
CO 2 and CO were evaluated from theoretical calculations by Malkmus and Thomson
(12) through (17), and in the case of CO 2 , many of these theoretical calculations
k	
have been verified by experiments.
Values of k (STP) and 1/d are stored in a large table in the program
as a function of table entry number and temperature. Space is provided for seven
temperature values and 1200 table entries. Variables, subscripted to denote the
particular species, are used to assign temperatures to the table section for each
'	
species and to relate the table position to a particular species and spectral
position. This allows flexibility in modifying the data in the table with minor
program changes.
65
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As presently configured, the table contains the following data:
Position Wavenumber
Constituent Parameter in Table Range, cm-1 Temperatui:e,oK
11 20 k (STP) 1-439 50-11000 300,600,1000,1500,2000,2500,3000
1/d (STP) 440-878
CO 2 k (STP) 879-1009 500-3750 300,600,1200,1500,1800,2400,3000
1/d (STP) 1010-1140
CO k (STP) 1141-1194 1025-2350 300,600,1200,1800,2400,3000,5000.
All the spectral data is provided at 25 cm-1 intervals, but data for CO2 is avail-
able at smaller intervals in references 7 and 8. The CO 2 table could be modified
using these data to give a smaller spectral interval for calculations using CO2
only. But the progran has no provision for interpolating between the entries for
H2O and CO, so 25 cm-1 is the smallest interval that can be used for a multi-
constituent problem with the programmed data.
The line density for CO is defined mathematically as shown in Table 2.1,
and provision is made in the program for determining the line density for H2O using
either the tabulated data or the mathematical approximation from reference 10 as
shown in Table 2.1. This mathematical definition can be used in place of the
tabulated values by exercising an input option, or a permanent change can be made
in the program to save table space by a simple change in the block data statements
containing the tabulated values of 1/d.
In preparing the tables for the program, it was necessary to assign
values for some parameters without satisfactory `'Ileoretical justification since
any reasonable value would be better than zero in cases where no data were avail-
able. In the case of H 2O, the tabulated data provided for 1/d in reference 10 did
HAYES INTERNATIONAL CORPORATION
not include an entry at J00°K and only covered a range of 1150 to 7500 cm 1 , so
the mathematical approximation described earlier was used to fill in the table.
The absorption coefficients provided in reference iC only cover a range of 50
to 9300 cm-1 , so values from reference 7 were used from 9325 to 11000 cm 1.
The extent of the data added for CO 2 to complete the tables depended
upon the band, so each band will be described separately. In the 2.1!1 band
(3000 - 3770 cm-1 ) absorption coefficients were provided in reference 7 with
5 cm-1 and 10 cm-1 spacing for temperatures from 300 0K to 3000 0K. These data were
interpolated to get data at 25 cm 1 intervals from 3000 cm-1 to 3750 cm-1 . The
range over which 1/d was provided in reference 8 was more limited. It had a lower
limit of 3080 cm-1 and only had temperatures through 1800 0K. Since the tabulated
values given did not change as a function of wavenumber in the lower range, the
values from 3000 cm-1 to 3075 cm-1 were taken as equal to those below 3150 cm 1
in the table. The values of 1/d for temperatures above 1800 0K have been taken as
equal to those at 18000K until additional data is available.
In the 4.3u band (1900 - 2395 cm 1) complete data are provided in
references 7 and 8 for k and 1/d at intervals of 5 cm 1.	 These were interpolated
to provide tabulated data for the program at 25 cm 1 intervals from 1900 cm-1  to
2375 cm-1.
Y
In the 15u band (500 - 880 cm-1 ) k was given by reference 7 for tempera-z
t ^
°K	 1tures uo_ to 2400at 5 cm	 intervals, but no values for 1/d were provided by
F
reference 8.	 The 24000K values for k from reference 7 were also used for 30000K
in the data table to maintain a consistent table, but radiation at 15P for a
30000K gas temperature would not be significant c ompared to that at shorter wave-
lengths.	 Values of 1/d at 15u were estimated as a function of temperature from
6
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i.he data in reference 15, but no wavenumber dependency is given.
The values of absorption coefficients for CO were taken directly from
a	 reference 7 and no modification or additions were required.
f?is
2.4 Integration Interval Considerations
If the radiation computer program is used with geometric integration
intervals small enough to define the gas variations well and with the minimum
25 cm-1 spectral integration interval, the computation time for most applications
would be excessive. Therefore, program options have been provided in the inte-
gration of equatior_ 2.2 to give flexibility in varying the geometric intervals
(As and 6^), and a study has been made of averaging methods which may be used to
obtain larger spectral intervals (Ow). Unfortunately, there is no quantitative
guide that can be used in applying the larger integration intervals, so each
problem must be evaluated based on past experience and the characteristics of
the problem. In this section the logic used in increasing the integration inter-
vals will be presented along with some examples of the results which have been
obtained.
Line of sight Interval - As
The only integration interval which has an evaluation of its size based
on the problem variables built into the program is the interval along the line of
sight, As. This interval can be controlled by a temperature step, AT, so that an
integration step in equation 2.2 is taken only when a specified value of temperature
difference has been reached. This allows a small value of As to be used in searching
I
the gas properties to accurately define the variations, without wasting integration
e
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time in regions of relatively uniform temperature. When an integration step is
computed, it uses the arithmetic average of the properties at the As intervals over
the larger temperature interval.
Evaluation of the errors caused by using the AT integration interval
is not straightforward since both the error and time saved depend. upon the value
-	
chosen for As. But experience with rocket exhaust plume calculations indicates
that computation time can be reduced more than 50 percent with less than one per-
: cent loss in accuracy by using temperature intervals of 50 to 100 0K with As inter-
vals of 5 to 10 an. The beat procedure for a particular problem is to select a
typical line of sight with severe property variations and evaluate the precision
obtained with various values of AT and As.
Angular Interval-A¢
Ability to vary the spherical azimuth angular interval, 6^, was provided
in the program to allowfor the relatively small 60 intervals required for adequate
resolution of large values of e without having an excessive amount of detail at
small values of e. The option used to provide an increase in A0 at small values
of a is defined by the program input.	 No properties of the gas are used to
tprovide a variation as in the As interval. The logic in the option provides a
constant value of cos a times the solid angle. This tends to equally weight the heat
transfer for each line of sightfrom a geometric standpoint.
3
3
1
3
3.
IIn using this option the input variable
TANGLE - sin a cos a oe AO
r:
(2.18)
f
i
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is specified along with a limiting minimum value of A^. Then for each value of 6
a value of A¢ is calculated, the number of A^ increments required is computed,
and the A0 is recalculated to give an integral number of increments in the required
1'.
range. This results in a Am equal to or slightly less than that which would be
predicted by equation (2.18). If the A^ computed is less than the input A0, then
the input A0 is used in place of the computed value.
Using this option, the minimum value of computed A^ would be reached
i
at 6	 -	 450 , with larger values of A^ being computed at other values of
6.	 Not enough experience has been gained with this option to comment on its
effect on the precision of the calculation, but it is likely that it may be
1 necessary tD modify the procedure used if significant radiation is received at
large values of e.	 In these cases,a procedure to maintain a constant solid
angle would be better. 	 Then A^ at large values of a would be fixed by the mini-
mum input value.
I
Spectral Interval - Aw s
Y
Various methods of averaging the absorption coefficients over larger
-
spectral intervals were experimented with to an attempt to find a method for using
a larger spectral integration interval, Ow. 	 All of the experiments were conducted
on a special modification of the program, with no provision being made in the stan-
3
andro ram for averaging over larger intervals. 	 The modifications included(1) aP	 g ^
i^
FF section in the ACDATA subroutine to average the absorption coefficient and line
1
density data and (2) revisions to the MODOA subroutine to integrate the carbon
absorption coefficient and blackbody function. The experience which has been
gained with averaging should be used only as a guide, and a typical line of sight
6
2-:9
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i
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for a particular problem should be tested before an averaging method is selected
for integration.
In general, the carbon oxides due to their narrow spectral range are
most sensitive to increasing spectral intervals. Water vapor radiation can
usually be integrated with wavenumber intervals up to 100 cm -1 using a simple
arithmetic average of k and 1/d. There has been some experience (reference 16)
to indicate that results with errors of less than one percent can be obtained by
using the values of k, 1/d, and the blackbody function at 100 cm -1 intervals in
the standard program with no averaging at all. In the case of carbon particles,
large spectral intervals may be used since the optical depth is linear with k,and
it can be approximated as a gray body over large intervals. In one example of a
low altitude exhaust plume with high temperatures near the outer boundary due to
afterburning and a moderate carbon concentration (one percent mass fraction),
integration with a spectral interval of 8000 cm-1 (using an integrated arith-
metic average of k) was only 2.23 percent greater than the result using a 25 cm-1
integration interval.
Two difficulties are encountered in using a simple arithmetic average
for gases. First, the values of k are generally high where 1/d is low and vice
versa. This results in an average value for 1/d which is larger than it should
be. As a result the optical depth tends to stay at the linear limit longer than
it should, and the square-root limit is higher than it should be. The second
difficulty is that, for very large spectral intervals, the non-gray behavior of
the gaseous radiation tends to produce an average absorption coefficient which is
not properly weighted to be used with the integrated blackbody function. A
solutior to these difficulties was attempted by weighting the absorption
r-
l-
sf3
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coefficients by the blackbody function (assuming low absorption) and by
weighting the value of 1/d by the value of k.
In order to weight 1/d, it was assumed that the case to be considered
was in the square-root limit so the desired result was the proper value for
k(1/d)	 The equations used for this averaging method for the interval wl
to W2 are
	
EVk(l/d)
w2 	 2	 2
1/d . 	 BW
w	 w
Aw/ Z-Vk BW AW	 (2.19)
	
W 1	 w1
When this method was applied to the typical lines of sight used in the
scaling study (Figures 5 through 7) excellent results were obtained as shown in
Table 2.2. In all cases except the hydrocarbon plume without carbon particles
results with intervals of 400 to 800 cm-1 were accurate enough to be used for
many applications. Additional examivation of the cause for the large errors in
the hydrocarbon plume might reveal a better averaging method for this case.
The use of large spectral intervals can be extremely useful in making
parametric studies, such as determining which location receives peak heating or
what geometric step size is best to use, even if the estimated error is larger
than is desired in the final result.
N
ti
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TABLE 2.2
RESULTS OF EXPERIMENTS WITH LARGE SPECTRAL
INTEGRATION INTERVALS
Aw Predicted Radiance Error
Line of Sight cm-1 Watts/cm2- ster. Percent
H-1, Figure 5 25 4.978 -
(No carbon) 100 5.061 1.66
400 6.014 20.8
800 6.404 28.6
1600 7.178 44.2
8000 14.85 198.3
(With 1 percent 25 18.612 -
carbon) 100 18.599 0.07
400 18:837 1.20
800 19.013 2.15
1600 19.227 3.30
8000 19.172 3.01
S-II, Figure 6 25 1.407 -
100 1.411 0.29
400 1.449 3.02
800 1.512 7.44
1600 1.495 6.27
8000 2.096 48.96
J-2, Figure 7 25 0.1511 -
100 0.1513 0.13
400 0.1536 1.65
800 0.1569 3.84
1600 0.1622 7.35
8000 0.1701 12.57
2-22
Note: All cases integrated from 1000 to 9000 cm-1.
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3 EFFL,:T OF SCALE ON GASEOUS RADIATION
The scaling to be considered is the geometric scaling of similar
systems. This condition applied to rocket exhaust plumes is illustrated
below.
Illustration of geometric similrrity
It is necessary that the spatial distribution of gas properties as well as the
location and orientation of the observer be geometrically similar. In the
illustration and in the subsequent discussion for a single line of sight, the
characteristic length is taken as the distance along a line of sight from the
observer to the farthest gas boundary, but in an integrated heat transfer calcu-
lation any characteristic dimension such as the engine exit diameter could be
used.
3
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An evaluation of the effect of scale on gaseous radiation is helpful
in understanding the fundamentals of radiation characteristics in t'-pical pro-
blems, and it is also desirable when there is not sufficient L.formation about
the gas properties to accuraLely predict radiation analytically. Even if no
scaling laws can be developed, the knowledge of the sensitivity of gaseous
radiation to scale can be a great help in making an engineering evaluation of
the methods to be used in an estimating radiation heat rransf.er. In order to
j:	 properly present the effects of scale, the dependency of gaseous radiation on
scale will first be analyzed before the computed scale effects in rFYresentative
problems are reviewed.
Dependency of Gaseous Radiation on Scale
In order to provide a basis for evaluating the effect of scale, a
simplified analysis will be examir_ed to illustrate what effects may be expected
L^
	 in ideal limiting cases. This analysis will be carried out using the band
E'
	 model relations presented in Section 2, so the spectral values noted are
actually averages over small intervals.
•
If equation 2.1 is taken for a single line of sight at a single
spectral interval, the radiance is
L
NW
	 I -NW (dT/ds)ds
0
which can be integrated for gases with constant properties to yield
N	 N'(1 -T(w,L))
(3.1)	 i.
(3.2)
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In this simplified form, the effect of transmissivity on the resulting radiance
is clearly shown, and an evaluation of the transmission characteristics can be
directly related to the resulting effect on radiance.
The transmissivity is expressed as a function of an optical depth,
D.
6
T (w,L) - exp (-D(w,L))
	
(3.3)
and the dependence of the optical depth on the path length L varie4 with the
radiation characteristics and partial pressure, p i , of the radiating gas. In
the weak line limit, the optical depth of a homogeneous layer is
D 
	 - kw (p i , T) L
	
(3.4)
L
I^
if the absorption coefficient k is taken as a function of pressure and temper-
w
ature. But in the usual case the at-?.-rption coefficient is defined at standard
temperature, To , and pressure, p o , and then corrected for the actual conditions.
D* - k (STP) To	
Pi
	 L	 (3.5)
W	 w	 T	 p 
In the following discussion, the absorption coefficient k will be taken at
W
standard conditions and the concentration - path - length parameter will be
termed u. With these stipulations, equation 3.5 becomLb
*
D	 - k u	 (3.6)
W	 w
*
In the weak line limit, D is small compsred to the ratio of average
W
*
line half width, b, to line spacing, d, and D 	
- D  . For this case,
T	 exp (-k u)	 (3.7)
W	 u
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so the op tical depth is directly proportional to the path length, u.
But when the radiation is not in the weak line limit, the iffects of the
collision and Doppler broadened curves of growth need to be considered.
For the case of collision broadening, the band model r,, __sentatt=
t
of the optical depth is
f'
D
cw	 w	 w	 cw
k u/ (1 + k u/ 4a	 )	 (3.8)
a'
where a is the collision broadened fine structure parameter (h c /dw). This
c
expression provides a transition from the linear region where k u<<acw and
W
D	 approaches	 k u to the square root region where k u >>a and D
cw	 w	 w	 cw	 cw
_	 approaches	 (4 a k u)
	
Figure 4 represents an illustration of the behavior
cw w
•	 of this function for water vapor with varying total pressures. As the total
pressure decreases, the collision broadened half-width, b , decreases in pro-
p
-	 portion and the curves of growth reach the square root limit at lower values
of the path length, u.
As collision broadened optical depth decreases with decreasing pressure,
Doppler broadening becomes significant. The representation for the Doppler
broadened optica.L depth is
2
D	 1.7 a	 k • l (1 +(3.9) (3.9)
Dw	 Dw	 aDw
Where aDw	 is the Doppler broadened fine structure parameter (bDw /dw ).	 As
with collision broadening, this expression reduces the DDw= kwu when
k u<< a,	 but since the
W	 Dw
Doppler half-width, b Dw	 io not a function of
pressure there is a single curve for Doppler broadening for a given temperature
and wavenumber.i
i
HAYES INTERNATIONAL CORPORATION 	 3-5
Although this representation in Figure 4 is for a particular temper-
ature and spectral position, it illustrates the general condition that Doppler
broadening is primarily significant at low pressures. The Q.!thod of combining
the Doppler and collision broadened optical depths into an overall optical
depth Was presented in Table 2.1, but an approximate method is to neglect the
smaller of the two depths as long as they differ by a factor of 3 or more.
In examining the theoretical limits of scaling only isothermal
isobaric gases will be considered. Attempt:	 anything more from an
analytical standpoint usually leads to deve.L	 of simplified methods of
radiation calculation in which gas property information is required. The two
cases to be considered are, first, a transparent gas in both the linear and
square root limits, and second, an opaque gas.
In the transparent gas case, a direct relation for scaling can be
obtained if the optical depth (D(w,L)) is small compared to unity. For this
case, equation 3.3 becomes
6
T(w,L) =1-D(w,L)
	
(3.10)
L
E
f
and equation 3.2 reduces to
N	 No D(w,L)	 (3.11)
W	 w
If the entire spectral region of interest is in the linear limit
M	 U ), then the radiance may be scaled to some reference condition (sub-
script o) and integrated to yield
N/N	 L/L
	 (3.12)
0	 0
1
t
1	 6
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A similar approach for radiation in the square-root region (D = 4a
	 k u )
cw LU
yields
t
i
0
N/No = (L/L )^
	 (3.13)
0
But this is not a limiting case for long path lengths as the linear case is
for small path lengths. If the pressure is low enough to allow the assumption
that Dw is much less than unity for the square-root region (refer to Figure 4
for illustration, Doppler broadening is likely to be significant .which would
cause a variation in the sensitivity to scale.
From this first simplified scaling example, it appears that there
could be some cases in which radiance is proportional to the geometric scale
if the path length, u, is small enough to put the significant portions of the
 spectra in the linear region and if the optical depth, kwu, is small compared
to unity.	 It is a simple matter to estimate the path length required for these
conditions for a particular spectral position.
	
For example, using the condi-
tions illustrated in Figure 4,
ku/(4bc /d)	 -	 0.03751
If it is required that this be less than 0.1 to stay near the linear region
then
L< 2.67 cm
Although a simple representation such as this is not representative of the entire
spectrum, it does illustrate the very short path lengths which would be required
for a full scale geometry in order for it to be scaled using equation 3.12.
The second limiting case to be considered is applicable 	 to conditions
in which the transmissivity approaches zero. 	 For example, if the optical depthi
6HAYES INTERNATIONAL CORPORATION
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is 3, the transmissivity is only 0.05, and at values of D greater than 3, the
radiance rapidly approaches the blackbody value. In this case
NW = NW	 (3.14)
for an isothermal gas. and scale has no effect on the radiance. But the condi-
tions required for this case must be carefully examined.
-
	
	 For a pure gaseous species, a large size gas body is required to have
all lines of sight through the gas opaque over all spectral regions in which
the gas may radiate, so it is unlikely that a scale model would fulfill this
condition. Although rocket engines using kerosene as fuel have carbon particles
'	 in sufficient quantity to cause the gas to be opaque under some operating condi-
tions, the variations caused by the nonisothermal effects cause variations with
scale as will be demonstrated in the following examples.
1
Computed Scale Effects
Since the limiting cases which have been described are not representa-
tive of typical problems, a study was made to determine how the behavior of
4
radiation for typical conditions in rocket exhaust plumes would compare with
the ideal cases with the possibility that scaling could be carried out with only
a small sacrifice in accuracy.
The typical problems evaluated included plumes from rocket engines
Iusing both oxygen/kerosene and oxygen/hydrogen propellants. The cases of oxygen/
kerosene propellants included both low altitude (afterburning) and high altitude 	 NM
conditions. For the oxygen/hydrogen cases, the Rocketdyne J-2 engine plume
(76.8 in exit diameter) was used. In one of these cases the line of sight was
through an impingement zone between plumes on the Saturn S-II stage while two
{	 others were chosen through the undisturbed high altitude plume.
l
% M
r
6
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In each case the radiance ratio, N/No, was computed along with its
I derivative, d(ln(N/N o )	 /d(ln(L/Lo)),	 over a wide range of scaling conditions.
t Typical results are presented in Figures 5 through 8.	 Only one case is pre-
sented for a oxygen/kerosene plumes _	 .ire it presents the typical condition
that scale effects are extremely dependent on the carbon concentration, and one
of the J-2 lines of sight was also omitted since the radiance was so low it did
not appear to be significant.
The behavior of the hydrocarbon plume without carbon is influenced by
strong carbon dioxide absorption. 	 As the plume grows larger, more of the carbon
r
dioxide radiation which is emitted from the plume occurs in the cooler outer
boundary of the plume.	 With the addition of carbon, this characteristic influences
j the entire spectrum until the hotter regions of the plume are effectively masked,
and the radiance decreases with increasing scale.	 The carbon also causes the
radiation at very small scales to closely approach the linear limit.
L In the case of the typical S-II line of sight (Figure 6),
	
the radiance
gradually approaches 	 the linear limit at very small scales and is very close to
a square-root variation at scales greater than one.	 On the J-2 line of sight in
Figure 7, the region from which most of the radiation is emitted is at a lower
pressure than for the S-II, so the approach to the linear limit is not as rapid.
The radiance derivatives presented in Figure 8 indicate the rather
uniform behavior of the gaseous plumes compared with those containing carbon
t particles. With the drastic effect the carbon particles have on the scaling
and the lack of reliable estimates of the carbon concentration, it appears that
no reasonsble estimate of scale effects can be made for oxygen/kerosene exhaust
plumee.
t
E
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The more uniform behavior of the scaling derivatives for the oxygen/
hydrogen exha ,ist plumes appears to hold more promise for achieving a suitable
scaling estimate. The problem still remains that the values of the scaling
derivatives cannot be assessed precisely without gas property data, but the
relatively small difference in the scaling derivatives indicates that it is
not too sensitive to property variations. Therefore, useful scaling estimates
may be possible over small ranges in scale using derivatives calculate from
approximate gas property data.
r
i
F '
i
f i
I=t
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4 RADIOMETER MEASUREMENTS OF A J-2 ENGINE
Measurements were made of a Rocketdyne J-2 engine operating under simu-
lated altitude conditions in the J-4 test cell at AEDC. The measurements were
made using a Hayes Model FF-1 radiometer. The description of this test will
include the test configuration, the radiometer calibration procedure, the results
j	 obtained, and an evaluation of the results including comparisons with predicted
results.
Test Configurations
The engine was mounted vertically pointing downward in the J-4 test
cell at AEDC. There was a space of approximately 6 inches between the exit plane
of the inoperative engine and the top of the diffuser entrance. The radiometer
was mounted on top of the air chamber around the diffuser entrance as shown in
Figure 9. Mounting of the radiometer allowed it to pivot to various positions
across the engine exit plane.
The Hayes FF-1 radiometer has a square detector and aperture with no
optics to give a uniforrn square field of a view 8.1 milliradians on a side, with
the total field of view including vignetting area 15.6 milliradians on a side.
Operating console for the radiometer was located in an instrumentation house
adjacent to the test cell and was connected to AEDC instrumentation lines at this
point.
The radiometer case was equipped with a nitrogren purge for this test,
but evidence of water in the radiometer housing indicated that either the purge
was not working satisfactorily or that water spray was used in the cell when the
I-	 purge was not on.
L
I
t A
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The conditions in the test cell for the instrument and its operation were
poor and could not have been improved significantly without interfering with the
engine test effort or redesigning the radiometer for improved protection and
ease of alignment and calibration.
Radiometer Calibration
The radiometer was checked for spectral response in the laboratory and
then calibrated on the test stand intermittently during the test.
The purpose of the labotstory calibration was to determine the spectral
response of the radiometer so the relative sensitivity to the blackbody calibration
source and the water vapor radiation could be evaluated. The radiometer detector
is a Barnes Engineering thermistor with a KRS-5 window. A comparison of the
measured spectral response and published data (reference 17) for the same
detector is shown in Figure 9. The agreement between the two sets of data is
excellent over the range covered, so the published data was used at longer wave-
lengths where experimental data could not be obtained due to low radiance levels
of the available sources.
With this data, the range of response to blackbody radiation in the
1 to 10u region was 83 to 85 percent for temperatures of 900 to 1300 0  which
were normally used in calibration. The integrated response to the anticipated
water vapor radiation over the same :;pectral interval was 85 to 86 percent depend-
ing upon the engine mixture ratio. Because of this near equality in sensitivity
between the blackbody and water vapor radiation no correction was made for this
effect in reducing the data.
•I
t
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The radiometer calibration on the engine test stand was performed by
holding a blackbody source close enough to the radiometer to entirely fill the
field of view. The calibration data listed with the other measurement results
in Table 4.1 was consistent throughout the test except for two occasions. In the
first instance, beginning after Test 08, the sensitivity of the radiometer appear-
ed to increase, but later the same month it was found that the blackbody control
was not working properly. Because of the uncertainty in the calibration data
and its lack of agreement with the rest of the data, the October calibrations
were not used in data reduction. The second time the calibration became
erratic was at the end of the test. During the calibration after test 30 there
was an apparent decrease in sensitivity of the radiometer. At this time, the radio-
meter output was becoming very noisy and after teat 32 complete failure occured.
The apparent cause of the failure was water damage inside the radiometer which may
have been occuring over several tests. Therefore, the data taken after the
February 5, 1968 calibration is considered unreliable.
If the instances of poor calibration results described above are omitted,
the remaining calibration data agree well as shown in Figure 11.
Test Results
The results represent data on two different engine configurations. Tests
06 through 13 were on an Pngine configuration which, in a production version, would
have had a nominal nozzle stagnation pressure of 7U2 psis at an overall mixture
ratio of 5.5. Subsequent tests were made after modifications were made to uprate
the engine to a configuration which would have a nozzle stagnation pressure of 718
psis at an overall mixture ratio of 5.5. After these tests on the J-2 engine,
measurements were attempted on a J-2S engine, but no useful data were obtained.
%M
Apparent
Nozzle Mixture Radiometer Signal Calibration Radiance
Test Time Stagnation Ratio Viewing Level Temperature Watts/cm2 -
Date Number Sec. Press-psis 0 2 /H2 Angle my OK ster
8-22-67 CAL 16.5 973 1.62
8-22-67 06A 12 617 5.0 00 11.1 1.13
28 705 5.5 19.9 1.87
06B 4.5 552 4.5 6.8 0.77
06C 21 622 5.0 9.9 1.03
28 704 5.5 17.5 1.67
06D 5 539 4.5 4.2 0.55
9-7-67 CAL 16.5 973 1.62
9-12-67 08A 11 540 4.5 00 7.0 0.79
29 692 5.5 19.6 1.85
08B 4.5 541 4.5 7.0 0.79
08C 12 613 5.0 11.0 1.13
29 694 5.5 17.6 1.68
08D 4.5 543 4.5 6.8 0.77
10-2-67 CAL Left 20.5 973 1.62
10.80 20 973 1.62
29 1073 2.39
43 1173 3.42
10-11-67 11A 10 636 5.0 Left 10.6 1.09
29 709 5.5 10.80 17.9 1.71
10-12-67 CAL Right 18 973 1.62
10.80 28.5 1073 2.39
41 1173 3.42
10-17-67 12A 9 630 5.0 Right 10.1 1.05
29 708 5.5 10.80 16.9 1.62
10-23-67 CAL 20.5 973 1.62
31.5 1073 2.39
44.5 1173 3.42
10-24-67 13A 12 618 5.0 Right 12.6 1.26
28 699 5.5 10.80 21.5 2.01
13B 4.5 607 5.0 10.8 1.11
Delay for blackbody repair and calibration and repair of radiometer.
•	 ^	 t
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TABLE 4.1
DATA FOR RADIOMETER MEASUREMENTS OF A J-2 ENGINE
IN THE J-4 TEST CELL AT AEDC
i
•	 e
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TABLE 4.1	 (Continued)
DATA FOR RADIOMETER MEASUREMENTS OF A J-2 ENGINE
IN THE J-4 TEST CELL AT AEDC
Apparent
Nozzle Mixture Radiometer Signal Calibration Radiance
Test Time Stagnation Ratio Viewing Level Temperature Watts/cm2-
Date Number Sec. Press-psia 0 2 /H 2 Angle mV 0K ster
12-20-67 CAL 00 9.5 868 1.03
12-21-67 21A 6-10 663 5.0 00 12.2 1.23
29.5 757 5.57* 22.1 2.06
21B 5-7 658 4.9 11.7 1.18
21C 5:7 658 4.9 11.2 1.14
21D 5-7 656 10.1 1.05
1-4-68 22A 7-11 646 5.0 00 9.4 0.99
29.5 732 5.62* 17.5 1.67
22B 4-6 633 4.9 6.2 0.72
22C 4-6 635 4.8 7.1 0.80
22D 4-7 636 4.9 5.4 0.V
1-9-68 CAL 00 9.5 879 1.08
16.5 977 1.65
26.5 1086 2.51
15.0 947 1.45
15.5 956 1.51
8.0 834 .87
4.0 739 .54
1-10-68 23A 10-12 645 5.0 00 9.6 1.01
29.5 733 5.63* 18.0 1.71
23B 6-7 631 4.9 8.1 0.88
23C 6-7 630 4.9 6.5 0.75
23D 6-7 628 4.9 4.9 0.61
1-16-68 24A 8-10 645 5.3 00 8.9 0.95
29.5 729 5.95* 16.4 1.58
24B 4-7 564 4.6 3.9 0.52
1-19-68 CAL Left 17 968 1.59
10.80 26.5 1069 2.36
16 957 1.51
8.5 842 0.91
1-23-68 25A 8-10 638 5.0 Left 11.5 1.17
29.5 731 5.66* 10.80 21.4 2.00
25B 4-7 566 4.4 5.7 0.68
25C 8-10 644 5.0 9.7 1.02
20-30 728 5.68 17.9 1.71
25D 4-7 566 4.4 4.2 0.55
I
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TABLE 4.1	 (Concluded)
DATA FOR RADIOMETER MEASUREMENTS OF A J-2 ENGINE
IN THE J-4 TEST CELL AT AEDC
Apparent
Nozzle
	
Mixture Radiometer Signal Calibration Radiance
Test Time Stagnation Ratio Viewing Level Temperature Watts/cm2-
Date Number Scc. Press-psia 02 /H 2 Angle my 0K ster
1-29-68 CAL Right 10 856 0.97
10.8 17 966 1.57
27 1068 2.35
17 952 1.48
10.5 866 1.02
1-30-68 26AA 20 569 4.5 Right 7.8 0.85
29.5 728 5.63* 10.80 23.1 2.15
2-5-68 CAL Left 15.0 981 1.67
21.50 9.0 868 1.03
2-6-68 27A 12-16 647 5.0 Left 16.7 1.61
22-32 732 5.5 21.50 27.0 2.48
2-22-68 29A 5-7.5 638 5.0 Left 8.0 0.87
B
C
5.5-7.5
5-7
641
637
5.0
5.0
21.50 7.5
7.1
0.83
0.80
E 5-7 631 5.0 7.0 0.79
3-1-68 30A 6.5-7.5 631 5.0 Left 9.5 1.00
21.50
3-7-68 CAL 00 7.5 889 1.13
14.0 1005 1.84
23.0 1089 2.54
28.5 1128 2.92
3-8-68 31A 20-30 622 5.1 00 8.5 0.92
i B 11-12 643 5.2 8.0 0.87
29.5 730 5.89* 14.5 1.42
3-14-68 32A 5-7 635 5.0 00 8.2 0.89
5-7 633 5.0 6.8 0.77
Radiometer removed because of excessive noise.
*The mixture ratio on these runs was determined from corrected reduced data for the
engine thrust chamber. See text for methods of estimating remaining data.
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During initial tests of the J-2S engine, it was run in an idle mode so the radiance
was extremely low. By the time full power firings were attempted, the radiometer
failed, and the measurement program was terminated.
The results obtained are presented in Table 4.1 with the calibration
data and engine operating conditions. The pointing angle shown in the table is
r
measured in a plane parallel to the engine exit between the estimated radiometer
I	 line of sight ar: a line from the radiometer pivot to the engine centerline.
Estimations of the engine operating conditions were made by evaluation
of the engine data and estimates of the nominal engine operating conditions. The
nozzle stagnation pressure (p o) was estimated using the measured pressure at the
y	 injector end of the chamber (p c) with corrections for the purge bias (15 psi)
and combustor pressure loss.
ZA j po - (pc - 15)0.9208	 (4.1)
The correction for combustor loss was taken from the estimated value in the engine
specification. Estimation of a representative mixture ratio was not so straight-
forward because of the various data and corrections involved in obtaining reduced
imixture ratio data.
In several of the tests, the engine data were corrected and reduced at
a particular time. These data included corrected propellant mass and volume flow
rates, overall engine mixture ratio and the mixture ratio to the thrust chamber
only. The thrust chamber mixture ratio obtained from this source are marked in
Table 4.1. The mixture ratios for tests 21 through 26 and 31 which were not obtained
tfrom the reduced engine data were estimated using the reduced mixture ratio and
•
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the indicated volume slow rates. The estimatinj- method used was
0/F - (('F)R(Q02/QH2) /Qo2 /QH2)a
	 (4.2)
where
	
0/F - mixture ratio
(0/F) R - mixture ratio from corrected data
Qp2	 indicated oxygen volume flow
QH 2 - indicated hydrogen volume flow
a - subscript for indicated data used in
computing corrected mixture ratio.
This estimate assumes that: ( 1) instrument corrections are a constant multiple of
the indicated flow rate; (2) the mass flow of each propellant requited by the
turbo pump is a constant fraction of the total flow of each propellant; and ('4)
the propellant density remains coustant during each test seriee. In tests where
no reduced data were available, the mixture ratio is estimated to be either
4.5, 5.0, or 5.5 depending upon the nozzle stagnation pressure.
Representative data records are presented in Figure 12. Normally each
test series consisted of several rune with one run about 30 seconds long with a
shift in mixture ratio and the remaining runs about 7 seconds in length with a con-
stant mixture ratio. The simulated altitude or cell pressure was usually stable after
a brief starting transient as illustrated in Figure 12.
Evaluation of Results
The results which are considered to be reasonably reliable cover t-do
viewing positions across the engine exit and two basic engine configurations.
Results for the line of eight passing through the plume centerline are presented
s°
3 ^
t
JHAYES INTERNATIONAL CORPORATION
	 4-9
in Figure 13a and those for the 10.8 0 view angle are presented in Figure 13b.
Estimates of the radiation made using the band model parameters of reference
9 are also shown on the figures.
The gas properties for the analytical estimate were obtained using
the method of characteristics program of reference 1 with equilibrium chemistry.
In making the analytical estimates, no allowance was made for the turbopump
exhaust gas which is injected into the nozzle through the wall of the nozzle
bell. This gas is cool and very fuel rich so the absorption through the thin
gas layer is probably negligible, but the displacement thickness may cause a
slight increase in temperature and pressure by effectively reducing the area
ratio.
The combined effect of mixture and chamber pressure on the test
results plus the scatter in the test results makes a direct comparison of
the data with the analytical estimates difficult. The dependence of the
measured results on chamber pressure is comparable with that predicted analytically,
,judging by the shift caused by uprating the engine,with the greatest variation
being c : • •., d by changes in mixture ratio and unaccounted for data scatter.
There appears to be a tendency for the results to decrease on suc-
cessive runs in a test series at essentially the same operating conditions.
The cause of this decrease was not determined, but the data from the first
firing in each test series is probably the most reliable. If this assumption
is made, then the difference between the measured and predicted radiance is
quite large except in isola .ad in3tances such as Run Series 24. Howcrer, the
uncertainties in gas pruperty prediction and instrument operation prevent a
conclusive statement as to the accuracy of the analytical prediction of radiation.
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5 RECOMMENDATIONS
Recommendations for further work will be presented under three general
headings: computer programs, radiation scaling, and radiation measurements.
Computer Programs
The success which was obtained using band model parameters averaged over
larger spectral intervals promises considerable savings in computer time, or
alternatively, a much more complete analysis. Further work should be done in
this area to assure that the results obtained are valid for a wider variety of
cases and determine if adjustments could be made to further improve the accuracy.
in addition, program modifications to allow rapid evaluation of the integrated black-
body function over large spectral intervals would be required to obtain maximum
benefit from the larger spectral intervals.
Further work is also desirable in the mechanics of the program operation
if an extensive heat transfer study is required for a new rocket vehicle. The
program, as it now exists, is the result of some compromise and certain changes
may be desired or even mandatory for future applications.
In order to simplify input for the program, It would be desirable to
specify the position of shocks in the flow field along with the flow field input
rather than with additional data as is now required. This change would require
modification of thr flow field prediction program (reference 3) as well as the
radiation program. A better alternative would be the modification of the FLOWIN
subroutine to add both shock points and blocking circles (simulating occlusions
caused by structure) to an input tape along with the flow field Froperties.
If the program is to he used for new vehicles with engine arrangements
other than a circular cluster, a modification of the flow field interpolaticn
i^
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r
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subroutine would probably be desirable to take advantage of flow field symmetry
to reduce the quantity of gas property data required.
Future application of the program to three-dimensional rocket exha ►ist
will be severly handicapped if an accurate method of predicting gas properties
in three-dimensional plumes is not developed. There is no program which
adequately describes the exhaust plume from a cluster of highly underexpanded
rocket nozzles under anything approaching realistic conditions.
s-
Radiation Scaling
Radiation scaling without a knowledge of the gas properties cannot be
shown to be accurate enough to be usable except in very restricted cases.
However, it is possible that .3caling is less sensitive to errors in estimated
i_
gas properties than an analytical radiation prediction would be. If a case
}.	 develops in which the gas properties can be duplicated on a small scale but the
properties cannot be well defined, then it would be worthwhile considering an
4
a	 evaluation of the sensitivity of scaling parameters to variations in the gas pro-
perties. This could be done by a parametric variation of gas properties and an
s	
evaluation of the effects on both scaling parameters and radiation estimates.
Radiation Measurements
The radiation measurement attempted on this program has shown that the
accuracy of the analytical radiation measurements cannot be verified with a simple
radiometer measurement of a rocket e.t.gine being tested for another purpose. If
verification of the analytical estimates are to be made, it will be necessary to
i	 ^ 7
i
!	 moui.t a major effort to find a representative experiment in which the gas pro-
perties are either well defined analytically or measurable, and then develop
instrumentation suited to the particular test.
'i
k I
t^
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(a) Definition of spherical angles for
radiant heat transfer integration.
Z
surface normal)
I'
X
(b) Simplified alignment relation between the radiation
calculation coordinate system and the gas body co-
ordinate system.
Figure 1. Arrangement of the radiation program coordinate systems.
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the J-4 Test Cell at AEDC.
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